Abstract: Seasonal design floods reflecting seasonal variation information are very important for reservoir operation and management. The seasonal design flood estimation method currently used in China is based on univariate frequency analysis and assumes that the seasonal and annual design frequencies are equal, which neither satisfies flood prevention standards nor considers the interdependence between different seasonal floods. The Danjiangkou reservoir located in the Han River basin, the first pilot basin of most regulated water resources management policy in China, was selected as a case study. After dividing the entire flood season into subseasons, a dependent structure of summer and autumn floods was established by copula functions. Three bivariate flood quantile selection methods, namely the equivalent frequency combination (EFC) method, conditional expectation combination (CEC) method, and conditional most likely combination (CMLC) method, were performed to estimate unique seasonal design floods to meet the needs in engineering and compared with the univariate design values. The evaluation criteria and a boundary identification method were used to assess the rationality of these combination methods. Compared with the CEC and EFC methods, the CMLC method has smaller root-mean square error (RMSE) and bias values by 12.9-34.8% and 22.6-36.4%, respectively. The CMLC and EFC methods are within the feasible regions, whereas the CEC estimators are beyond the feasible range. The results of economic analysis show that the CMLC method can enhance the floodwater use rate from 79.7 to 82.8% for the wet year and from 91.8 to 93.7% for the dry year in comparison with the EFC method. The CMLC method is more rational in physical realism and recommended for estimating seasonal design floods in the Danjiangkou reservoir, which would provide rich information as references for flood risk assessment, reservoir scheduling, and management.
Introduction
Floods are among the most frequent and costliest natural disasters in terms of human hardship and economic loss. More than 90% of the damage related to all natural disasters is caused by floods and associated debris flows (Chen et al. 2015) . Reservoirs are one of the most efficient key infrastructure components in flood control, water allocation, and other relevant water resources management activities (Yoon et al. 2016) . According to the World Commission on Dams (WCD 2000) , most large reservoir projects worldwide are failing to produce the level of benefits that provided the economic justification for their development. Currently, with the rapid development of the social economy and water demands, the water resources shortage problem has deteriorated, and the function of reservoirs in terms of flood water use has become increasingly important in China (Ouyang et al. 2015) .
According to the Chinese Flood Control Act, the water level of a reservoir should not be kept higher than the flood limiting water level (FLWL) during the flood season to provide adequate storage for flood prevention. The conventional FLWL is determined by the reservoir routing of the annual design flood hydrographs. However, the design flood, based on the annual maximum flood series, neglects flood seasonality, and the conventional FLWL is often fixed during the whole flood season. This results in overdimensioning for flood prevention and waste of floodwater in most years . For floodwater use, it is very valuable to use seasonal flood information in flood frequency analysis so as to operate the reservoir more effectively during flood season without increasing the flood risk (Zhang et al. 2016) . Because of flood seasonality, the entire flood season could be divided into several subseasons, such as two subseasons, namely summer flood season and autumn flood season (Chen et al. 2015; Jiang et al. 2015) . In each subseason, a different reservoir operation policy, i.e., different FLWLs, can be used to obtain more economic benefits without decreasing flood prevention standards. This approach has been implemented for the improvement of flood use in many counties, such as China (MWR 2006; Tan et al. 2017) , the United States (USACE 1998), Vietnam (Ngo et al. 2007) , and so on.
There are several approaches being used to divide entire the flood season into multiple flood subseasons. One method is based on different meteorological and climate phenomena that generate 1 floods, but can be very time consuming (Black and Werrity 1997; Singh et al. 2005) . Other methods are based on statistical analysis of flood data, such as the relative frequency (RF) method (Cunderlik et al. 2004a) ; the directional statistics (DS) method (Cunderlik et al. 2004b) ; the clustering analysis approach (Srinivas et al. 2008; Beurton and Thieken 2009) ; the change-point method, which consists of the mean change-point (MC-P) and probability change-point (PC-P) methods ; the improvement over DS, the IDS method ; the modified RF method (Chen et al. 2015) ; and so on. Of these, the DS and RF methods are widely used because of their relative simplicity and ease of calculation (Jiang et al. 2015) .
After identification of the flood seasonality, the primary necessity of applying varied seasonal FLWL is to estimate the seasonal design flood reasonably in each subseason. The current seasonal design flood estimation method used in China is based on a seasonal maximum flood series and assumes that the seasonal design frequency is equal to the annual design frequency. Because the return period associated with the annual maximum flood series is taken as the standard in China, the current seasonal design flood cannot satisfy flood prevention standards . The conventional seasonal design flood estimation method, which addresses seasonal floods as a univariate distribution without considering their correlations, fails to provide a complete description of hydrologic events (Chen et al. 2015) . Hence, estimating the seasonal design flood should consider both the marginal distributions and their interdependence, which can be depicted via a multivariate joint distribution. Recently, the copula function, a promising mathematical tool for investigating multivariate problems, has been widely applied in exploring the inherent correlation between hydrological variables. This method has been applied mainly to the analysis of rainfall storms (e.g., Goel et al. 2000; De Michele and Salvadori 2003; Sherly et al. 2015) , flood frequency analysis (e.g., Farve et al. 2004; Salvadori and De Michele 2004; Zhang and Singh 2006; Ahn and Palmer 2016; Ahn and Merwade 2017) , drought frequency analysis (e.g., Shiau 2006; Rajsekhar et al. 2014; Kwon and Lall 2016; Sarhadi et al. 2016) , regional frequency analysis (e.g., Chebana and Ouarda 2009; Zhang et al. 2012) , synthetic flood hydrographs (e.g., Gräler et al. 2013; Xu et al. 2016) , and several other multivariate problems (e.g., De Michele et al. 2005; Bray and McCuen 2014) .
One of the main difficulties in multivariate quantile estimation is how to choose the proper combinations of the design values under a quantile curve. Take the bivariate case (summer season flood X and autumn season flood Y) as an example: under a given joint return period (JRP), there are countless combinations of summer and autumn floods that satisfy the flood prevention standard. Moreover, the combinations can differ greatly in terms of their values: moving along the multivariate quantile curve to an asymptote, one of the two variables will approach its marginal values, whereas the other tends to indefinitely increase (for unbounded random variables). However, unique seasonal design flood values are necessary and important for determining the FLWLs that play a pivotal role in reservoir operation and management. To meet the needs in engineering, many researchers (e.g., Chen et al. 2010; Li et al. 2016) have assumed that the two hydrological variables have the same probability of occurrence under a given JRP, which is called the equivalent frequency combination (EFC) method. This method is usually taken as a uniform procedure for deriving design flood values and design flood hydrograph in China (Li et al. 2013 Liu et al. 2015) . Li et al. (2013) proposed a modified inference function for estimating the parameters of both marginal and joint distributions incorporating historical floods and determined the unique combination of flood peak and volume for the Three Gorges reservoir in China by assuming the flood peak and volume are of the same frequency. Despite of the fact that the EFC method has low calculation complexity and simplicity of application in engineering practice, the statistical and theoretical basis of the equal frequency assumption is questionable. To develop a more rational design for a flood estimation approach, some pioneering work has been conducted. For example, Salvadori et al. (2011) proposed a novel concept of "most likely design realization" to choose the point with the highest likelihood along the quantile curve. Gräler et al. (2013) proposed an approach to estimate the expected value of the conditional distribution when the joint density along the level curve is derived, which was developed as the conditional expectation combination (CEC) method thereafter. Li et al. (2016) used the CEC method to derive the quantiles of flood peak and 7-day volume under different JRPs, and they found that the bivariate CEC design values have a smaller flood volume and larger flood peak than bivariate EFC results in Geheyan reservoir. Xu et al. (2016) derived the general formulae of the conditional most likely combination (CMLC) method to describe the dependence between flood peak and volumes by using the conditional density function to measure the occurrence likelihood of flood events. Although several studies investigating the interdependence between flood peak and volume have been conducted, there is little previous work on seasonal design floods, which are very important in making decisions about flood control and water resources management, especially for reservoirs having large regulation capacity.
This objective of this paper, therefore, is to investigate the interdependence between seasonal floods and to present a comparison between different seasonal design flood estimation methods. The univariate annual maximum (AM) and seasonal maximum (SM) as well as three bivariate approaches (EFC, CEC, and CMLC) are comparatively studied. Moreover, a boundary identification method is used to assess the rationality of these bivariate methods. Information about the observational data and applied methods as well as the obtained results is presented in the following sections.
Study Area and Data
The Han River basin, the first pilot basin of most regulated water resources management policy in China, is the largest tributary of the Yangtze River, which passes through the provinces of Shanxi and Hubei of China. The length of Han River is 1,570 km and the basin area is 159,000 km 2 , with a subtropical monsoon climate. The annual precipitation in the Han River basin varies from 700 to 1,100 mm. The regional precipitation and flow are characterized by high seasonal variability, with 75% of rainfall occurring from June to October, during which the convective rainstorms in the early summer and long-lasting frontal rains in the autumn often result in great floods. The Danjiangkou reservoir shown in Fig. 1 is a key control project located in the middle reach of the Han River basin, which is also the source for the middle route of the SouthNorth Water Diversion Project in China. Because the Danjiangkou reservoir is the key structural component in the Han River flood control system and plays a critical role in flood control and water supply in China, it is of great significance to investigate its seasonal design floods for guiding reservoir operation and management.
The Danjiangkou reservoir is a multipurpose reservoir, which has serious conflict among flood prevention, water supply, and hydropower generation. The inflow of the Danjiangkou reservoir is mainly concentrated from late June to early October, and runoff during July and September accounts for the largest proportion. The peak discharge data series from 1929 to 2014, 6-h precipitation, and flow data series from 1954 to 2014 were obtained from the Bureau of Han River Water Resources Management. These data sets have been checked and widely used in flood control capacity design, reservoir operation, and water resources management in the Danjiangkou reservoir (e.g., Zhou and Guo 2013; Yang et al. 2016; Xu et al. 2016 ). Flood duration is usually predefined and fixed every year when computing annual and seasonal flood volume in Chinese practice. The Danjiangkou reservoir has multiyear regulation ability, and the flood control storage during flood season is over 11.1 billion m 3 according to the designed operation policy; thus, the predefined flood duration is usually large. According to the regulation and operation guidelines of the Danjiangkou reservoir, 7-day and 15-day flood volumes were considered for deriving the seasonal design flood and the corresponding design flood hydrograph. The sample statistics of the flood peak and volume series are listed in Table 1 .
Methodology

Bivariate Return Period
In conventional univariate analysis, flood events of interest are often defined by return periods. In the bivariate domain, it is still discussed by the community which method is most suitable to transform the joint exceedance probability to a bivariate JRP. The joint distribution function Fðx; yÞ, which is related with the joint exceedance probability, can be expressed in terms of its marginal functions u ¼ F X ðxÞ and v ¼ F Y ðyÞ by using a copula function C θ ðu; vÞ; i.e., Fðx; yÞ ¼ C θ ðu; vÞ, implicitly defined through the functional identify stated by Sklar's theorem (Sklar 1959 ).
For details on the copula approach and its hydrological applications, see the literature (e.g., Nelsen 2006; Salvadori et al. 2007; Joe 2014; Durante and Sempi 2015) . Different definitions of JPR estimated by copulas have been developed for the case of a bivariate flood frequency analysis. Eight types of possible joint events are presented by Salvadori and De Michele (2004) using OR and AND operators in which two cases are of the greatest interest in hydrological applications Zhang et al. 2012 
2. (AND case) both X > x and Y > y; i.e.
E and ¼ fX > x and Y > yg ð 2Þ
In simple words: for E or to happen, it is sufficient that either summer season flood X or autumn season flood Y (or both) exceeds given thresholds; instead, for E and to happen, it is necessary that both X and Y be larger than prescribed values. Thus, two different JRPs can be defined accordingly (De Michele et al. 2005 )
where μ = mean interarrival time between two consecutive events; and Fðx; yÞ ¼ PðX ≤ x; Y ≤ yÞ.
Recently, several other definitions of the JRP have become available in the literature, based on regression analysis, bivariate conditional distributions, the survival Kendall distribution function, and the structure performance function. For instance, some studies have focused on a structure-based return period for the design or risk assessment of hydrological structures in a bivariate environment (De Michele et al. 2005; Requena et al. 2013; Volpi and Fiori 2014) . A comprehensive review of JRP estimation methods was given by De Michele et al. (2013) , Volpi and Fiori (2014) , and Salvadori et al. (2016) , and it could be summarized that the choice of return periods defining bivariate quantiles depends on the particular situation.
In this study, flood events of interest were defined based on physical reasons. Because the Danjiangkou reservoir is the key structural measure in the Han River flood control system, it would be at risk when either large summer-season or autumn-season floods occurred (Zhou and Guo 2013; Yang et al. 2016) . As a consequence, the bivariate phenomenon being studied for this particular context is defined based on the OR case, as shown in Eq. (3), and in the case of μ ¼ 1 year.
Equivalent Frequency Combination Method
The critical level curve, as shown in Fig. 2 , is defined as a bivariate quantile curve under the OR JRP. The function that describes the level curve for any given JRP T or or critical probability level p has two asymptotes, x ¼ x p and y ¼ y p , where
Y ðpÞ are the quantiles of the marginal distribution for the given probability level p. According to Eq. (3) in the bivariate case, the choice of an appropriate JRP T or or a critical probability level p for hydraulic structure design will lead to infinite combinations of summer-season flood and autumn-season flood. All the bivariate events have the same JRP; however, these events may not be equivalent from a practical point of view (Volpi and Fiori 2012) . To meet the needs in engineering, a unique combination of summer-season flood x and autumn-season flood y (or u and v) should be determined. Hence, in addition to Eq. (3), one or more constraints that characterize the relationship between u and v (or x and y) are necessary. Today, the assumption proposed and recommended by the Chinese design flood guidelines (MWR 2006 ) is widely used. That is, under a given bivariate return period, it assumes that the summer-season and autumn-season floods have the same probability of occurrence; i.e.,
This assumption is usually taken as a uniform procedure for the derivations of seasonal design floods, design flood values, and design flood hydrographs. This estimation procedure within a bivariate context is called the EFC method by Li et al. (2016) , and the design floods can be obtained by solving the equation u ¼ v and Eq. (3) jointly. As shown in Fig. 2 , the tangent line on which F X ðxÞ ¼ F Y ðyÞ is depicted as a chosen constraint on the critical level curve, and the intersection A point demonstrates the unique estimator of the EFC method. Moreover, the point D depicted in Fig. 2 indicates the estimated seasonal flood by the conventional univariate method, in which only the marginal distribution is used under the assumption that the seasonal design frequency is equal to the annual design frequency.
Taking the Frank copula as an example, the relationship of the joint distribution C θ ðu; vÞ and bivariate return period T or can be expressed as
where θ = dependence parameter of the copula function. Based on the assumption that u ¼ v, the probabilities of occurrence of summer-season flood and autumn-season flood (i.e., u and v) can be estimated by the solution of Eq. (6), which is expressed as follows:
Consequently, the design value of EFC method can be derived by the inverse function of marginal distributions
Conditional Expectation Combination Method
Because the bivariate hydrologic variables are dependent, several authors have tried to construct the dependence structure based on mathematical tools. For example, Mediero et al. (2010) estimated flood volume for a given peak discharge by fitting a regional loglog regression equation over the observed pairs, and stated that the variability of the linear relationship between the peaks and volumes, estimated by the residual variance, can be considered the estimation uncertainty of the regression equation. Li et al. (2016) established the conditional distribution function of flood volume under one given peak discharge by using copula functions, and stated that the conditional expectation could be the best predictor of flood volume. In this study, the CEC method developed by Li et al. (2016) is applied in estimating bivariate seasonal floods.
The conditional probability density function f YjX ðyÞ of autumnseason flood Y and summer-season flood X could be derived as (Zhang and Singh 2006; Li et al. 2016) where c θ ðu; vÞ = density function of C θ ðu; vÞ and c θ ðu; vÞ ¼ ∂ 2 C θ ðu; vÞ=∂u∂v; and f X ðxÞ and f Y ðxÞ = probability density functions of X and Y, respectively. Let gðXÞ be a predictor; i.e., g ∈ N = {all Borel functions g with E½gðXÞ 2 < ∞}. Each predictor is assessed by the mean squared prediction error E½W − gðXÞ 2 . The conditional expectation EðyjX ¼ xÞ is the best predictor of Y in the sense that (Shao 2003 )
Herein, for a seasonal flood event, when the summer-season flood X ¼ x takes place, the conditional expectation EðyjX ¼ xÞ is used to estimate the value of the autumn-season flood, which can be derived as )
Eq. (10) could be rewritten by substituting Eq. (8) as follows:
where F −1 Y ð·Þ = inverse cumulative density function of Y. Then, the summer-season flood x and autumn-season flood EðyjxÞ will be the CEC design values if the following equations are satisfied:
The previous equation can be solved by the trial-and-error method under a given T or .
Conditional Most Likely Combination Method
As previously stated, all possible seasonal flood combinations on the quantile curve differ in terms of their probability of occurrence. Xu et al. (2016) Bivariate quantile curve (isoline) and feasible region under a critical probability level p and volume combinations by using the value of the conditional probability density function and found that this approach performed well. In this study, the CMLC method is also used to estimate seasonal design floods, which is a promising way to explore the inherent interdependence between summer-season and autumnseason floods.
For a given T or JRP, the CMLC design values of all possible events at this level can be obtained by solving the following formulas (Xu et al. 2016 
Numerical methods, such as the harmonic mean Newton's method (Özban 2004; Xu et al. 2016) , could be used to solve nonlinear Eq. (13), and the seasonal design flood values x Ã T or ; y Ã T or of the CMLC method will be obtained.
Performance Evaluation Criteria
To assess and compare different combination methods for describing the interdependence of correlated hydrologic variables, Mediero et al. (2010) used the residual variance to indicate the estimation uncertainty of the regression equation of flood peak and volume. Xu et al. (2016) used the root-mean square error (RMSE) and Bias as evaluation criteria, whereas Li et al. (2016) conducted a Monte Carlo simulation method and used the estimate error (MRE) and relative root-mean square error (RRMSE) to evaluate different bivariate combination methods. In this study, the two most widely used criteria are adopted to evaluate the performance of the three bivariate estimation methods. The first criterion is the RMSE, which is defined by
where Y i = observed autumn-season flood for the ith seasonal flood pair corresponding with the observed summer-season flood X i ; Y i = corresponding estimated autumn seasonal design flood by a given X i ; and L = length of sample series. The second criterion used is the Bias of the volumetric fit between the observed autumn-season flood series and the estimated series by estimation methods under the given corresponding observed summer-season flood, defined as
The smaller the RMSE and Bias values, the better the estimation methods are.
Feasible Range Identification for Bivariate Quantile Curve
For a given design return period, the approach chosen for estimating the seasonal design flood clearly affects the calculated design event, and much attention should be given to the choice of the approach used because this depends on the real-world problem at hand. However, several design points along the quantile curve are unrealistic for real-world engineering practice and need to be excluded. For example, the critical level curve shown in Fig. 2 is defined as a bivariate quantile curve under a given T or moving along the multivariate quantile curve to an asymptote; one of the two variables will approach its marginal value, whereas the other tends to indefinitely increase (for unbounded random variables). Therefore, a boundary identification approach is essential for selecting practical design floods and assessing the rationality of different bivariate combination methods. Chebana and Ouarda (2011) proposed a method to decompose the quantile curve in Fig. 2 into a naive part (i.e., the subset BC) and a proper part (outside subset BC). Volpi and Fiori (2012) defined the distance of each point along the quantile curve in Fig. 2 from its vertex as a random variable (s) and derived its probability density function. The boundary points of a quantile curve are identified with a chosen percentage in probability of the events. However, the method presented by Volpi and Fiori (2012) is difficult to apply in the curvilinear coordinate system ½sðx; yÞ; nðx; yÞ or to derive the expression of random variable (s). To overcome the limitation, Li et al. (2016) used a new density function φðqÞ, which is a noncurvilinear variable, to measure the relative likelihood of flood events.
The Frank copula is selected as an example to illustrate the feasible range identification developed by Li et al. (2016) . The relationship of the joint distribution C θ ðu; vÞ and bivariate return period T or can be expressed as Other copulas with more complicated formulas may sometimes be needed. For the Gumbel-Hougaard (G-H) copula, Clayton copula, and several two-parameter copulas, the implicit expression for describing the relationship between X and Y, such as Eq. (16), could be derived. For other copulas with more complicated expressions, the numerical method should be applied .
After obtaining the corresponding relationship of the values of y and x for the flood events along the critical level curve, the bivariate joint probability density function of y and x can be expressed as fðx; yÞ ¼ c θ ½F X ðxÞ; ηðF X ðxÞÞ · f X ðxÞ · f Y ðζðxÞÞ ð17Þ
A new density function ψðxÞ, which has proper density characters, is used to measure the relative likelihood of flood events and expressed as follows ψðxÞ ¼ c θ ½F X ðxÞ; ηðF X ðxÞÞ · f X ðxÞ · f Y ðζðxÞÞ R þ∞ Once the density function ψðxÞ along X is defined by Eq. (18), the lower and upper bounds that contain ψðxÞ with a probability of 1-ε can be evaluated for a given probability level ε. The abscissa quantiles of the lower and upper bounds (x E and x F ) are specified respectively by (Volpi and Fiori 2012 ) Z
where α 1 þ α 2 ¼ ε. and E½x E ; ζðx E Þ identify a limited subset on the quantile curve, which excludes the α percentage in probability of the critical events. The feasible region of the bivariate seasonal design flood is denoted as A 2 in Fig. 2 , which is identified as
Results and Discussion
Segmenting Flood Season
Several flood season identification approaches, i.e., the precipitation statistical analysis (PSA) method, the RF and DS methods, and the mean change-point (MC-P) and probability change-point (PC-P) methods, were used to identify the flood season of the Danjiangkou reservoir, whereas the 6-h precipitation and flow data series from 1954 to 2014 were used. The flood season identification results by different methods are listed in Table 2 . Analyzing the precipitation and flood distribution pattern in the Han River basin reveals that most heavy floods occurred in July and the rainfall is relatively concentrated, which leads to large flood volume. The magnitude of the flood peak after early August is a little smaller, whereas flooding with large volumes is more likely to occur during September to early October, which is usually called the autumn flood. Table 2 shows that the starting day of the summer flood season is June 21st, whereas the ending days of the summer flood season are different. Considering that reservoir operation is usually inclined to adopt the safer scheme in engineering practice, the ending day of the summer flood season is selected by the DS method, i.e., August 20. The DS method is an effective way to define similarity measures on the basis of timings of hydrological extreme events, and it has been widely used in the Yangtze River basin in China (e.g., . Hence, the entire flood season is divided into three subseasons, i.e., summer flood season (from June 21 to August 20), a transitional period (from August 21 to August 30), and autumn flood season (starting in August 31 and ending in October 10). Because there are only three small floods occurring during the transitional period in the recorded data series, the transitional period is usually combined into the autumn flood season according to the current regulation policy of the Danjiangkou reservoir. Therefore, the summer (from June 21 to August 20) and autumn flood seasons (from August 21 to October 10) are used for seasonal design flood estimation.
Fitting Marginal and Joint Distributions
The annual maximum (AM) sampling method was used to extract the annual maximum flood peak Q max , annual maximum 7-day flood volume W 7d , and annual maximum 15-day flood volume W 15d . The seasonal maximum (SM) sampling method was used to extract the seasonal maximum variables; those of the summer season were denoted as Q 
where α, β, and γ = shape, scale, and location parameters of the P3 distribution, respectively. The parameters of the P3 marginal distributions were estimated by the L-moment method and are listed in Table 3 . A chi-square goodness-of-fit and Kolmogorov-Smirnov (K-S) test were performed. The test results in Table 3 show that the hypothesis could not be rejected at the 5% significance level because χ 2 < χ 2 0.05 . It also indicates that the P3 distributions could pass the K-S test because D n < D n;0.95 . The marginal distribution frequency curves of seasonal flood peaks are shown in Fig. 3 , which indicates that these theoretical distributions can fit the observed data reasonably well. The chi and K plots were used to represent the dependence of different variable pairs, and only the plots of flood peak are shown in Fig. 4 . If two independent variables were observed, the majority of events would be located in the region defined by the confidence intervals in the chi-plot (Fisher and Switzer 1985; Genest and Favre 2007) . For the K-plot, the events would lie on the line x ¼ y for an independent case. If the events are located above the line, a positive dependence is indicated, and vice versa (Genest and Boies 2003) . The Pearson, Kendall, and Spearman correlation coefficients were calculated to assess the dependence between the pairs of considered variables, and their estimated values are listed in Table 4. Table 4 and Fig. 4 both yield conclusions that the summer-season and autumn-season floods are slightly dependent, and the dependence of the seasonal 15-day flood volume is weaker than that of the seasonal flood peak and 7-day volume. To assess the significance of the correlation, the p values are also presented in Table 4 , and the results indicate that the correlation of all the variable pairs is significant at a significance level of 0.05 (p < 0.05), which supports the necessity of constructing the dependence function of seasonal floods.
The first step of copula modeling is the choice of candidate copulas. There is a wide range of copula families with different properties (Nelsen 2006) . For this study, the Archimedean copulas were selected as candidates because they are among the most frequently used copulas in environmental sciences, including hydrology (Genest and Favre 2007) . Hence, the four candidate bivariate copulas described in Table 5 were further investigated. The parameters of bivariate copulas were estimated using the Kendall correlation coefficient (τ ); the expressions that describe the relationship between the estimated parameters and Kendall correlation coefficient are also shown in Table 5 . The results of the Cramer-von Mises test S I n and Kolmogorov-Smirnov test D n for the pair are presented in Table 6 , and p values were calculated based on the parametric bootstrap or multipliers procedure with 10,000 runs (Kojadinovic et al. 2011) . On the basis of the test results in Table 6 , the G-H copula is suitable for constructing the joint distribution of Q 
Comparing Performance of Combination Methods
After establishing the joint distribution, the performance of the three bivariate combination methods for describing the interdependence of correlated seasonal foods was assessed and compared. For the EFC method, the autumn-season flood under a given observed X i could be estimated by using the equivalent frequency assumption as F X ðxÞ ¼ F Y ðyÞ. For the CEC method, the estimated values could be derived by Eq. (11). For the CMLC method, the estimated autumn-season flood could be derived by maximizing Eq. (13) under a given observed X i . The evaluation indexes RMSE and Bias were calculated and are listed in Table 7 . It is shown that the values of RMSE and Bias of these three hydrological pairs are not as small as engineers expected. This is because the Kendall correlation coefficients between seasonal floods in the Danjiangkou reservoir are relatively small, i.e., below 0.3 for these pairs. Xu et al. (2016) and Li et al. (2016) both found that the performance of these bivariate methods strongly depends on the correlation coefficient between hydrological variables. The bivariate methods tend to have better performance with the increase of correlation coefficients. The comparison of the results also indicates that the Bias of the pair Q sum max -Q aut max is smaller than those of the other two pairs, and the pair W sum 15d -W aut 15d has the largest value. The results illustrate that the three bivariate estimation methods perform better to describe the relationship of seasonal flood peaks than flood volumes. The possible cause may be because the seasonal flood peaks have stronger correlation than the flood volumes. Table 7 also shows that the CMLC method has the smallest RMSE and Bias values for the three different pairs, whereas the CEC method has the largest values. For example, the RMSE value of the CMLC method decreases by 21% compared with the EFC method for the pair W sum 7d -W aut 7d , and the Bias value decreases by 23% in the same condition. Compared with the CEC and EFC methods, the CMLC method has smaller RMSE and Bias values by 12.9-34.8% and 22.6-36.4%, respectively. This especially implies that CMLC method performs best among the three bivariate methods in terms of conditional estimation ability.
Estimating Seasonal Design Flood by Different Methods
The EFC, CEC, and CMLC methods were used to estimate the seasonal flood peaks and volumes associated with JRP T or ¼ 1,000, T or ¼ 100, T or ¼ 50, and T or ¼ 20 years, respectively. For the purpose of comparison, the univariate AM and SM methods were also used to estimate the seasonal design flood by assuming that the univariate return periods (T X and T Y ) equaled the bivariate return period (i.e., T X ¼ T Y ¼ T or ). The estimated quantiles of univariate and bivariate methods are listed in Table 8 . The results in Table 8 imply that the seasonal design flood values based on the SM series are underestimated in both summer and autumn flood seasons. Because all of the SM design values are less than the AM ones, the seasonal design flood estimation method currently used in China is unable to satisfy flood prevention standards.
For the three bivariate methods, their design values are larger than those calculated by the SM method. This especially illustrates that the bivariate methods associated with the OR JRP are safer for engineering practice, and this viewpoint has been confirmed by many authors (e.g., Shiau et al. 2006; Li et al. 2013 Li et al. , 2016 Salvadori et al. 2016) . Table 8 indicates that, under the EFC and CMLC methods, the design values of peak discharge estimated by the three bivariate methods in the summer flood season are larger than the AM values, whereas seasonal design floods of peak discharge in the autumn flood season are less than their corresponding AM values. In contrast, the seasonal design floods of the 7-day and 15-day flood volumes estimated by the EFC and CMLC methods in the summer flood season are less than the corresponding AM design values and exceed those in the autumn flood season. The differences may be because the Danjiangkou reservoir has a larger flood peak and smaller flood volumes in the summer flood season, which is in accordance with Table 3 and Fig. 3 . However, Table 8 demonstrates that the summer flood volume is larger than the autumn values under the CEC method. Though the seasonal design floods calculated by the CEC method can meet flood prevention standards as well as the EFC and CMLC methods, the design values from the CEC method may be not rational for real-world engineering, which supports the necessity of assessing the rationality of the bivariate methods by using the feasible region identification method.
The boundary points of feasible regions under different JRPs are shown in Fig. 5 . The upper and lower bounds on the bivariate isolines were estimated numerically, as explained in the previous context, and assuming for simplicity (although other assumptions are possible) α 1 ¼ α 2 ¼ ε=2, with ε ¼ 0.05. For the case of T or ¼ 1,000, it is found that the lower and upper bounds are close to the horizontal asymptote (i.e., Q aut max ¼ 48,881 m 3 =s and W aut 7d ¼ 180.48 × 10 8 m 3 ) and vertical asymptote (i.e., Q sum max ¼ 51,313 m 3 =s and W sum 7d ¼ 140.33 × 10 8 m 3 ) because of the small value assumed for the probability level ε. Fig. 5 shows that the joint design values estimated by the EFC and CMLC methods are within the feasible region, whereas the CEC method is beyond the feasible region, which supports that the CEC method is not rational in physical realism for the Danjiangkou reservoir. One of the possible reasons for these differences may be related to the fact that the CEC method fails to capture the extreme points of seasonal flood series, and the combination patterns may have low probability of occurring when measuring the relative occurrence likelihood with the normalized joint probability density value. 
Comparing Economic Benefits by Different Methods
The seasonal FLWLs were obtained by the flood hydrograph routing method based on the seasonal design floods and corresponding design flood hydrograph under the EFC and CMLC methods. The design flood hydrograph could be derived by amplifying the typical flood hydrographs (TFHs), which has been widely done by practitioners (e.g., Yue et al. 2002; Tan et al. 2017) . (2006), were selected for the analysis. Annual electricity generation, spill release, and flood water resources use at the Danjiangkou reservoir were calculated and are listed in Table 9 . This reveals that the annual electricity generation based on the CMLC method is increased 1.62, 2.26, and 2.36% in comparison with the EFC method in the wet, normal, and dry years, respectively. The flood water use rate is increased from 79.7 to 82.8% for the wet year, and from 91.8 to 93.7% for the dry year. Therefore, the seasonal FLWLs derived by the CMLC method can increase energy output and flood water use rate. This is because for reservoir operation under the condition of satisfying flood prevention standards, the design floods of the summer (or autumn) flood season can be raised (or lowered), which is beneficial for refill operation, increasing energy output, and comprehensive use.
Conclusions
The estimation of seasonal design flood considering seasonal variation information is essential for reservoir flood control, operation, and water resources management. This study provides a detailed analysis of the seasonal design flood estimation for the Danjiangkou reservoir in the Han River basin. Three bivariate flood quantile selection methods, namely the equivalent frequency combination method, conditional expectation combination method, and conditional most likely combination method, were performed to estimate unique seasonal design floods to meet the needs in engineering and compared with the univariate design values. The evaluation criteria and a boundary identification method were used to assess the rationality of these bivariate estimation methods. The main conclusions are summarized as follows: 1. The joint design values estimated by the EFC and CMLC methods are within the feasible regions, whereas the CEC method is beyond the feasible region. The EFC and CMLC methods are more rational in real-world engineering, though the three bivariate methods can all satisfy flood prevention standards; 2. The CMLC method performs best with the smallest RMSE and Bias values and can increase energy output and flood water use rate compared with the EFC method. The CMLC method may have more computational complexity compared with the currently used EFC method; nevertheless, it has more statistical basis and better performance of capturing the interdependence of seasonal floods. Hence, the CMLC method is recommended for estimating the seasonal design floods for the Danjiangkou reservoir; and 3. The seasonal design flood estimation method currently used in China is unable to satisfy the flood prevention standard. Three bivariate seasonal design flood estimation approaches, i.e., the EFC, CEC and CMLC methods, are able to consider the interdependence between seasonal floods, which would provide rich information in engineering practice as the references for flood risk assessment, reservoir scheduling, and management.
